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The aim of the study was to investigate a rather oxidising atmosphere such as air for the development of
a microporous activated carbon from demineralised kraft lignin. Demineralisation of lignin makes the
precursor low in reactivity and hence can allow the use of more oxidising atmospheres. Control of the
activation conditions allowed development of microporous activated carbons with type I N2 adsorption
isotherms from demineralised kraft lignin having micropore volumes and mean micropore widths up to
0.374 cm3 g1 and 1.12 nm, respectively. A unique feature of this study is to prepare high surface area
(1305 m2 g1) microporous activated carbon at a high temperature (950 C) in air atmosphere. The effect
of temperature on the surface area, micropore volume, mean micropore width and total pore volume was
also studied for the development of activated carbons from the precursor in the range 550e1050 C.
© 2017 Elsevier Ltd. All rights reserved.1. Introduction
Activated carbons are high surface area and porous materials
with a large adsorption capacity which are widely used as com-
mercial adsorbents. Tailored activated carbons with desirable pore
size viz. microporous (<2 nm), mesoporous (2e50 nm) or macro-
porous (>50 nm) can be developed by controlling the preparation
process for desired applications. Selection of raw material, activa-
tion conditions like activation method, activating agent and time
are important parameters which affect the physical and chemical
nature of the resultant carbon (Ruiz-Fernandez et al., 2011; Sych
et al., 2012), including their surface area and porosity. Among car-
bons produced generally an ideal activated carbon is one which has
high adsorption capacity coupled with pore size as well as surface
chemistry optimized for the specific application.
Activated carbons are generally prepared by either of two
methods: physical and chemical activation. Physical activation has
an advantage over chemical activation because it avoids the
incorporation of additives/impurities coming from activating
agents (Benaddi et al., 1998). It is normally a two-step process,involving carbonization followed by activation in steam, air, carbon
dioxide or their mixtures. However, sometimes only the second
step is carried out. The cost (Abbaszadeh et al., 2016; Kumar and
Jena, 2016) of precursors and energy associated with activated
carbon production usually makes them expensive. In order to
minimize the cost, alternative low cost precursors or waste mate-
rials and less expensive methodologies are being explored by re-
searchers. Air activation is among the methods which is
economically attractive owing to the advantages of being free,
having low heat requirements and less processing time (Ceyhan
et al., 2013; Cho et al., 2014).
A less expensive activated carbon may be prepared by utilizing
lignin as a precursor which has wide availability and high carbon
content. This material has gained wide interest for the removal of
pollutants as such or in the form of activated carbons. A number of
studies dealing with its use as natural adsorbent or as an activated
carbon has already been published and reviewed (Betancur et al.,
2009; Carrott et al., 2010; Cotoruelo et al., 2012; Fierro et al.,
2006; Shou and Qiu, 2016; Suhas et al., 2007). Lignin obtained by
different methods of isolation with varying physical/chemical
contents have been studied as precursors for activated carbons.
Interestingly, the precise properties of the activated carbons ob-
tained depend on, besides other parameters, the inorganic impu-
rities (ash) too (Fierro et al., 2007b; Suhas et al., 2009). Lignin, in
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from the paper and pulp industry, is impure and has high ash
content (Fierro et al., 2007a; Rodriguez-Mirasol et al., 1993). The
impurities sometimes affect the reactivity of the precursors in the
activation process.
Research on the feasible utilization of kraft lignin as an activated
carbon precursor by physical activation shows that the carbons so
prepared by using steam or CO2 generally have surface area in the
range 600e1900 m2 g1 (Carrott et al., 2008b; Rodriguez-Mirasol
et al., 1993; Rosas et al., 2014). The low surface areas with higher
burn off usually observed for raw kraft lignin samples (Carrott et al.,
2008b; Suhas et al., 2009) compared to the purer lignins (having
less ash content/impurities) have been associated to their higher
reactivity which in turn is due to their higher ash/mineral content.
Interestingly, since demineralised lignins are less reactive (Fierro
et al., 2007b; Suhas et al., 2009) it may therefore be possible to
utilize preferentially some oxidising agents like air for production
of activated carbons. To the best of our knowledge, in spite of its
potential use, there have not been studies reporting the preparation
of AC from demineralised lignin at high temperatures using phys-
ical activation in air. Despite the economic benefits of using air as
the activating agent, air activation is not commonly used because of
the high reactivity of oxygen, which makes it difficult to control
excessive carbon burn off (Cho et al., 2014). Demineralised kraft
lignin being less reactive in nature may be used as a precursor for
air activation. In this work, it is shown that under proper conditions
of physical activation in air, it is possible to prepare microporous
activated carbons with high surface areas from demineralised kraft
lignin which have characteristics comparable to those of the acti-
vated carbons prepared from even more costly precursors.
2. Experimental
2.1. Materials and methods
The raw kraft lignin samplewas procured from Lignotech Iberica
and is similar to that of previous work (Suhas et al., 2009). The
demineralisation process for the removal of inorganic impurities/
mineral content was carried out according to the procedure dis-
cussed elsewhere (Suhas et al., 2009). The sample so produced was
dried and stored in sample flasks for further use.
For the preparation of activated carbons in air approximately 5 g
of the demineralised kraft lignin was placed in a ceramic crucible
and positioned in the central constant temperature zone of a con-
ventional muffle furnace. The activation process was implemented
by heating the sample to the desired temperature (550e1050 C) at
a rate of 8 C min1 under air atmosphere and maintaining for
30 min. The sample so prepared was cooled to room temperature
and stored in airtight containers and was put in desiccators for
further use. A comparison has been made between some results of
activated carbons prepared from demineralised lignin and the
commercial activated carbon procured from Rankem (India).
2.2. Characterization of adsorbents
The humidity and ash content were analysed according to ASTM
and ISO standard methods (ASTM, 2004a, b; ISO, 1997, 2003).
Elemental analysis was performed using a EuroVector CHNS ana-
lyser and each analysis was the result of at least 3 replicate de-
terminations. X-ray diffraction (XRD) measurements were carried
out on a Bruker AXS-D8 Advance powder diffractometer, using Cu
Ka radiation (40 kV, 30mA), with a step size of 0.02 (2q) and 4s per
step. The Fourier Transform Infrared (FTIR) spectroscopic studies of
the samples were carried out using a Perkin Elmer model Paragon
1000 PC spectrophotometer. For this the dried samples were mixedwith dry KBr with a ratio of about 1:450 and then ground to very
fine powder. About 170mg of fine powder was then used to make a
self-supporting disc. The morphology of the samples was observed
using field emission scanning electron microscopy (FE-SEM, Tescan
Mira 3).
The porous properties and surface area were analysed by means
of nitrogen adsorption at 77 K. The N2 adsorption-desorption iso-
therms of commercial activated carbon and activated carbons
prepared from raw kraft lignin, hydrolytic lignin and demineralised
kraft lignin were determined at 77 K using Micromeritics ASAP
2010 and Quantachrome Quadrasorb 3SI, using helium (for dead
space calibration) and nitrogen of 99.999% purity supplied
respectively, by Linde and Air Liquide. Prior to the adsorption
measurements all samples were outgassed for 4 h at 300 C. The N2
isotherms were analysed by means of Brunauer-Emmett-Teller
(BET) model for surface area measurement and the as method us-
ing published standard data in order to obtain the total pore vol-
ume vs (Carrott et al., 1991). They were also analysed by means of
the DR equation in order to obtain the DR pore volume, vo, and the
corresponding estimate of apparent mean pore width, Lo, from the
relationship:
Lo ¼ 10:8=ðEo  11:4Þ (1)
where Eo is the characteristic energy obtained by application of the
DR Equation. The liquid density of N2 was taken as 0.808 g cm3
and the affinity coefficient as b ¼ 0.34.
3. Results and discussion
Proximate analysis (according to ISO and ASTM standards) and
CHNS elemental analysis of demineralised kraft lignin was carried
out and presented in Table 1. A comparison of the results with raw
kraft lignin shows that the demineralised kraft lignin has relatively
high carbon content as compared to raw kraft ligninwhich suggests
that it should be a better precursor for the preparation of activated
carbons. The demineralisation of lignin also caused a decrease in
sulfur content. The humidity and ash content (Table 1) in the
demineralised kraft lignin becomes low after acid treatment. The
humidity content lowered from 11.8 to 4.8% whereas the ash con-
tent was reduced from 15.4 to 0.1% (ISO standard), which was quite
similar to the results observed by Serrano et al. (Gonzalez-Serrano
et al., 2004). The low humidity and ash contents make deminer-
alised kraft lignin a relatively pure material to be used as precursor
for the preparation of activated carbon. The nature of the impurities
present in raw kraft lignin has been discussed by Carrott et al.
(2008b) and confirmed the presence of impurities such as Na
(6.19%), Ca (0.13%), Al (0.04%) and Mg (0.01%).
Representative X-ray diffraction patterns, for the raw kraft
lignin, demineralised kraft lignin and activated carbons prepared
from demineralised kraft lignin at different temperatures in air are
shown in Fig. 1. The XRD pattern (Fig. 1a) of raw kraft lignin shows
some peaks which are due to the presence of inorganic impurities
and are discussed elsewhere (Carrott et al., 2008b) and the ash
analysis confirmed the presence of sodium carbonate sulfate in the
sample. Interestingly, these peaks do not appear in the XRD pattern
of the lignin sample after acid treatment, which is in good agree-
ment with the ash content discussed in the preceding paragraphs
and further confirms our view that the sample is quite low in
inorganic impurities and is demineralised now.
Further, the XRD pattern of all activated carbons prepared from
demineralised kraft lignin at various temperatures showed a
diffuse pattern and indicated its amorphous nature. Figure 1(b)
shows the typical XRD pattern of the representative activated car-
bons prepared at 750, 850 and 950 C temperatures. Two broad
Table 1
Humidity, ash content and elemental analysis of lignin samples.
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Raw kraft lignine 13.8 11.8 20.8 15.4 52.7 4.7 0.2 1.2





e (Carrott et al., 2008b).
Fig. 1. XRD patterns of (a) raw kraft lignin and demineralised kraft lignin and (b)
activated carbons from demineralised kraft lignin at 750, 850 and 950 C.
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and (10) planes, respectively and confirming the formation of
typical activated carbons (Madhu et al., 2014; Nabais et al., 2009).
Thermogravimetric analysis is used to have a better under-
standing about the activation process. The demineralised kraft
ligninwas submitted to thermogravimetric analysis under nitrogenatmosphere and compared with raw kraft lignin discussed else-
where (Carrott et al., 2008b). As discussed elsewhere the weight
loss in case of demineralised kraft lignin is relatively less than raw
kraft lignin especially up to 500 C which is an indication of an
efficient conversion of lignin in to solid material. Besides this, no
sharp loss is observed in the case of demineralised kraft lignin
which shows it to be comparatively stable and suggested it can be a
choice for a more oxidising atmosphere.
Fig. 2 shows the FTIR spectra of demineralised kraft lignin, the IR
bands were assigned according to literature data. A broad band in
the range of 3300e3400 cm1 was found to be associated with the
stretching vibration of hydroxyl groups. CeH stretching in aromatic
methoxyl groups and in methyl and methylene groups of side
chains were observed at bands around 2938 and 2842 cm1. The
aromatic ring modes at 1513 cm1 and 1598 cm1 and between
1460 and 1470 cm1 are related to the CeH deformation and aro-
matic ring vibrations, which are considered as the most charac-
teristic infrared bands of lignins. A comparatively more intense
band at 1513 cm1 indicates the lignin sample to be originating
from softwood (Sharma et al., 2004). The presence of a peak (Calvo-
Flores et al., 2015) at 1270 cm1 was due to guaiacyl units (CeO
stretch guaiacyl ring). The bands in the region 1000e1400 cm1 are
as a result of the CeO stretching and OH deformation vibrations,
and aryl CH wags were observed at 856 and 817 cm1 (Sharma
et al., 2004). All the bands observed in the demineralised kraft
lignin sample were fairly similar to those observed in raw kraft
lignin. However, the difference in the IR spectra was an observation
of an intense band at 1721 cm1 corresponding to C]O groups not
in conjugation with aromatic rings which was similar to that
observed by (Fierro et al., 2007b).
The FTIR spectrum of activated carbon from demineralised kraft
lignin was also measured and is shown in Fig. 2. It was observed
from the figure that the number of bands decreases and that there
are also shifts in the positions of the bands remaining after acti-
vation (Gao et al., 2013). The hydroxyl group is still present in
activated carbon but a reduction is observed in comparison to
demineralised kraft lignin (Fu et al., 2013; Nacu et al., 2015). CeH
stretching vibrations decreased after activation as did the intensity
of the aromatic ring mode which was observed at 1559 cm1.
Moreover, it seems appearance of bands at 1120e1560 cm1 are
due to ether groups (Nacu et al., 2015) formed from decomposition
of other groups bands present in the demineralised kraft lignin.
The activated carbon developed was morphologically charac-
terized by FE-SEM and is shown in Fig. 3. Raw kraft lignin particles
(images not shown) are usually spherical and non porous and this
spherical morphology appears in demineralised kraft lignin sam-
ples too, although along with some broken particles and with
smooth surfaces. The spherical shape of the demineralised kraft
ligninwas somewhat preserved even after air activation of samples.
A few broken and wide deep structures observed are perhaps due
Fig. 2. FTIR spectra of demineralised kraft lignin and activated carbon developed from demineralised kraft lignin at 950 C.
Fig. 3. SEM images of activated carbon developed from demineralised kraft lignin at 950 C and different magnifications.
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the particles at high temperature. The activated carbon developed
has some irregular surface morphology along with pores and cav-
ities. The inorganic content seems to be quite low which was in
good agreement with ash and TGA analysis and is further supported
by EDX which was coupled with FE-SEM.
The activation process plays an important role in development
of surface area and porosity in materials with temperature being a
significant factor in controlling the process. Carbons were prepared
at different temperatures and representative N2 adsorption-desorption isotherms of activated carbons prepared from demin-
eralised kraft lignin by air activation in the temperature range
550e1050 C at the same heating rate and time are shown in Fig. 4.
The figure reveals that the porosity changed with increase of
temperature. The isotherms show Type I character in all cases
implying that the activated carbon samples were predominantly
microporous in nature. However, with increase in the activation
temperature, the isotherms became more rounded and for some
samples a Type H4 hysteresis loop appeared. Overall the isotherms
were fairly similar to those previously obtained with chemically
Fig. 4. N2 adsorption-desorption isotherms, at 77 K, determined on air activated
demineralised kraft lignins at different temperature and a commercial activated car-
bon, Open symbols, adsorption; closed symbols, desorption.
Fig. 5. N2 adsorption-desorption isotherms, at 77 K, determined on raw kraft lignins
air activated (RKLAA), raw kraft lignin air activated then washed (RKLAA-W), raw
hydrolytic air activated lignin (RHLAA) and raw hydrolytic air activated lignin then
washed (RHLAA-W), at 750 C temperature, Open symbols, adsorption; closed sym-
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physically activated purer hydrolytic lignin at higher temperatures/
burn-off (Carrott et al., 2008b, 2010). The results of the analysis of
the isotherms by the BET, as and DR methods are given in Table 2.
The carbons prepared at low temperatures had low surface areas
and pore volumes. Interestingly, compared to other studies avail-
able in the literature at low temperature (Fu et al., 2013; Ozdemir
et al., 2014; Shendrik et al., 2007), the activated carbons prepared
here from demineralised kraft lignin had much higher surface
areas. However, it is particularly notable that the high BET surface
areas and total pore volumes were more readily obtained when the
activation temperature was 950 C. The maximum surface area in
this work, 1305 m2 g1, corresponds to the carbon prepared from
demineralised kraft lignin carbon at 950 C. The surface area
observed is quite high for samples prepared in air especially for
small activation time (30 min). The surface area increased with
increase of activation temperature up to 950 C, and decreased with
further increase of temperature. It may be due to the fast reactions
occurring at higher temperatures which may lead to the widening
and destruction of pores and eventually resulting in decrease of
surface area (Fu et al., 2013).
In order to compare the surface area, porosity and pore size of
the samples prepared, a commercial activated carbon sample was
analysed too and the adsorption isotherm is given in Fig. 4. Inter-
estingly demineralised kraft lignin based activated carbon has
higher surface area (1305 m2 g1) and lower mean pore width
(1.12 nm) than the commercial activated carbon (770 m2 g1 and
2.66 nm, respectively), indicating the importance of the samples
prepared. Further, it has an economic advantage (Cho et al., 2014)Table 2
Textural characteristics of the activated carbons obtained from demineralised kraft lignin
Rate/Temp/Time ABET (m2 g1) As (m2 g1) vs (cm3 g1)
8/550/30 645 29 0.240
8/650/30 715 23 0.265
8/750/30 855 29 0.313
8/850/30 1090 22 0.388
8/950/30 1305 78 0.472
8/1050/30 1044 107 0.434
ABET; apparent surface area obtained by BET method; As and vs external surface area and t
width and characteristic energy obtained by DR method.too due to the utilization of air which makes the process less
expensive.
The relative contribution of external to the total (or BET) surface
area reaches a maximumvalue close to 10% at 1050 C, whereas it is
only about 2% at 850 C. Table 2 shows that with increase in tem-
perature till 850 C up to a mean pore size of about 1 nm, the pore
volumes from as and DR estimates did not show much difference.
However, above this temperature and with increase in pore width a
bigger difference in the two pore volumes was observed. The mean
pore width of the activated carbons from demineralised kraft lignin
did not show much appreciable change up to 750 C and was
predominantly in the ultramicroporous range. Similarly, the char-
acteristic energy (Eo) values were constant too, being inversely
proportional to mean pore width (Equation (1)). Table 2 shows that
up to 750 C the Eo values are more than 20e22 kJ mol1 indicating
the carbons to be homogeneous. However, above this temperature
the decreasing Eo values indicate the carbons to be heterogeneous
(Rouquerol et al., 1999). However, with increase of the temperature
the pore width increased but the samples were still essentially
microporous in the working temperature range, which is contrary
to the observation made by several workers. For the air activation
procedure in this case it may be explained due to the fact that
inorganic impurities catalyse the reaction if present whereas their
removal can allow us to use a high oxidising atmosphere evenwith
high temperatures.
It can also be seen from Table 2 that pore volumes of activated
carbons at different temperatures calculated by the as method and
the DR method, are obtained in the approximate range ofon activation in the presence of air.
vo (cm3 g1) Lo (nm) Eo (kJ mol1) Yield (%)
0.204 0.80 24.9 31.5
0.226 0.80 24.9 26.5
0.267 0.80 24.8 22.5
0.344 1.05 21.7 17.1
0.374 1.12 21.0 9.1
0.296 1.46 18.8 1.2
otal pore volume obtained by as method; vo, Lo and Eo micropore volume, mean pore
bols, desorption.
Table 3
Textural characteristics of the activated carbons obtained from raw kraft lignin and hydrolytic lignin on activation in the presence of air.
Precursor Rate/Temp/Time ABET (m2 g1) As (m2 g1) vs (cm3 g1) vo (cm3 g1) Lo (nm) Eo (kJ mol1) Yield (%)
RKLAA 8/750/30 70 20 0.03 0.02 1.3 19.8 20
RKLAA-W 8/750/30 510 84 0.19 0.16 0.84 24.3 1.9
RHLAA 8/750/30 710 37 0.27 0.22 0.71 26.6 8.7
RHLAA-W 8/750/30 765 35 0.29 0.23 0.72 26.3 6.7
ABET; apparant surface area obtained by BET method; As and vs external surface area and total pore volume obtained by as method; vo, Lo and Eo micropore volume, mean pore
width and characteristic energy obtained by DR method.
RKLAA: Raw kraft lignin air activated, RKLAA-W: Raw kraft lignin air activated and washed, RHLAA: Raw hydrolytic lignin air activated, RHLAA-W: Raw hydrolytic lignin air
activated and washed.
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pore volumes observed are quite high compared to raw kraft lignin
activated carbon having inorganic impurities/ash and prepared in
CO2 atmosphere (Carrott et al., 2008b) but are comparable to those
with CO2 or chemically activated demineralised/low ash kraft lignin
samples (Fierro et al., 2007b; Rodriguez-Mirasol et al., 1993).
Table 2 also shows that both total pore volume as well as micropore
volume increasewith temperature and reach amaximum at 950 C.
At temperature higher than 950 C, there is reduction of the pore
volumes due to rapid oxidation, widening and destruction of pores.
Interestingly, a comparison of the results obtained by air activation
of demineralised kraft lignin with previous studies (Carrott et al.,
2008b) with raw kraft lignin in carbon dioxide atmosphere
clearly shows the applicability of utilizing air as an activating agent
for demineralised kraft lignin. Similar observations were made by
(Donald et al., 2011) that demineralisation of the precursor greatly
enhances the BET surface area as well as porosity in the AC.
Further, in order to compare the use of air as an activating agent
a raw kraft lignin (having ash) and a pure hydrolytic lignin (low ash)
were also studied under similar conditions. The N2 adsorption-
desorption isotherms of activated carbons prepared at 750 C in
air are shown in Fig. 5 and the results given in Table 3. The iso-
therms present mainly Type I character indicating the carbon
samples to be microporous, though with very low surface area and
pore volume especially in the case of raw kraft lignin activated in air
(designated as RKLAA). However, hydrolytic lignin activated in air
(designated as RHLAA) shows appreciable surface areas though
lower than demineralised kraft lignin activated in air at the same
temperature and also had lower mean micropore width. The low
surface area and pore volume observed in the case of air activated
raw kraft lignin is due to the fact that raw kraft lignin has high ash
content which increases the reactivity (Carrott et al., 2008a, 2008b)
leading to collapse of the pores. Besides this the Eo results showFig. 6. Variation of surface area (ABET) and yield as a function of temperature.that activated carbon from kraft lignin since having low Eo value
20e22 kJ mol1 is more heterogenous in nature as compared to
other carbons.
Finally, to know whether the ash/mineral content should be
removed before or after the preparation of the activated carbon, the
activated carbon prepared from raw kraft lignin air activated was
washed (designated as RKLAA-W) and the isotherm is presented in
Fig. 5 too. An increase in surface area (to 510 m2 g1) was observed
in this case which was presumably due to elimination of impurities
A similar study was carried out on raw hydrolytic lignin air acti-
vated and washed (RHLAA-W) and a small difference between
surface area, pore volume and pore size was also observed,
although the difference was less in this case due to the lower ash
content. However, in both cases the surface areas and pore volumes
were still less than those obtained with demineralised lignin air
activated at the same temperature, suggesting that it is preferable
to remove the ash before activation.
The amount of product formed (yield) is one of the significant
aspects of an activation process. The overall activation yields for the
carbon samples prepared from lignin are given in Table 2 and vary
between 31.5 and 1.2%. A relationship between activation temper-
ature, surface area and yield is shown in Fig. 6. As expected, the
yields decreased more or less linearly with increase of activation
temperature, whereas the surface area was found to increase with
increase in temperature or decrease in yield and reached a
maximum (>1300 m2 g1) at 950 C, with low yields (9.1%). How-
ever, beyond this temperature (950 C) the surface area decreased
with decrease in yield which is possibly a result of collapsing of the
microporous structure and widening of pores. Similar views (Kong
et al., 2013) regarding activation yields are available in the litera-
ture, namely that the BET surface area increased with increase of
temperature and with decrease in yields during the preparation of
AC.
The results of yield obtained for demineralised kraft lignin
activated carbon were compared with those of raw kraft lignin
activated carbon and a pure hydrolytic lignin activated carbon (all
prepared under similar conditions and in presence of air at 750 C)
and interestingly low yields as well as low surface area were
observed for the two, thereby confirming our findings for the
parameter yield too.4. Conclusions
In the present work, demineralised kraft lignin was used as a
precursor for the preparation of microporous activated carbon by
physical activation in an oxidising atmosphere, air. Demineralisa-
tion played an important role in preparing the carbons and allow-
ing a highly oxidising atmosphere to be used. Air activation of
demineralised kraft lignin allows activated carbon with high BET
surface areas up to 1305 m2 g1 to be achieved. The activated car-
bons developed were essentially microporous in nature. A com-
parison of activated carbons from demineralised kraft lignin with
Suhas et al. / Journal of Cleaner Production 156 (2017) 549e555 555activated carbons from other lignin samples prepared under similar
conditions showed it to be more porous and of greater surface area.
A major achievement of this work is to develop a less expensive as
well as high surface area activated carbon from demineralised kraft
lignin in the presence of air which is usually difficult to carry out
with other precursor materials.
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